Protein folding is often hampered by protein aggregation, which can be prevented by a variety of chaperones in the cell. A dataset that evaluates which chaperones are effective for aggregation-prone proteins would provide an invaluable resource not only for understanding the roles of chaperones, but also for broader applications in protein science and engineering. Therefore, we comprehensively evaluated the effects of the major Escherichia coli chaperones, trigger factor, DnaK/DnaJ/GrpE, and GroEL/GroES, on ∼800 aggregationprone cytosolic E. coli proteins, using a reconstituted chaperone-free translation system. Statistical analyses revealed the robustness and the intriguing properties of chaperones. The DnaK and GroEL systems drastically increased the solubilities of hundreds of proteins with weak biases, whereas trigger factor had only a marginal effect on solubility. The combined addition of the chaperones was effective for a subset of proteins that were not rescued by any single chaperone system, supporting the synergistic effect of these chaperones. The resource, which is accessible via a public database, can be used to investigate the properties of proteins of interest in terms of their solubilities and chaperone effects.
Protein folding is often hampered by protein aggregation, which can be prevented by a variety of chaperones in the cell. A dataset that evaluates which chaperones are effective for aggregation-prone proteins would provide an invaluable resource not only for understanding the roles of chaperones, but also for broader applications in protein science and engineering. Therefore, we comprehensively evaluated the effects of the major Escherichia coli chaperones, trigger factor, DnaK/DnaJ/GrpE, and GroEL/GroES, on ∼800 aggregationprone cytosolic E. coli proteins, using a reconstituted chaperone-free translation system. Statistical analyses revealed the robustness and the intriguing properties of chaperones. The DnaK and GroEL systems drastically increased the solubilities of hundreds of proteins with weak biases, whereas trigger factor had only a marginal effect on solubility. The combined addition of the chaperones was effective for a subset of proteins that were not rescued by any single chaperone system, supporting the synergistic effect of these chaperones. The resource, which is accessible via a public database, can be used to investigate the properties of proteins of interest in terms of their solubilities and chaperone effects.
chaperonin | Hsp60 | Hsp70 | aggregates | proteome N ewly synthesized proteins emerging from the ribosome must fold into their native structures to acquire their functions (1) . Although protein folding is a spontaneous process, in which the amino acid sequence dictates the native structure (2), nonproductive intermolecular interactions result in aggregate formation (1, 3, 4) . Because protein stability is marginal in general, proteins always have the inherent risk of aggregation (3, 4) . Perturbations of cellular proteostasis (4), such as cellular stresses or heterologous recombinant protein expression, often cause protein aggregation in the cell and the formation of inclusion bodies, which are one of the bottlenecks in various types of biological research, from traditional molecular biology to modern synthetic biology (3, 4) .
To counteract the inevitable tendency toward protein aggregation, cells have evolved a variety of chaperones (5) . Chaperones prevent irreversible aggregate formation by binding nonnative proteins and then assisting with productive folding (3, 4) . Indeed, when more than 3,000 Escherichia coli proteins were synthesized by reconstituted cell-free translation under chaperone-free conditions, a substantial fraction of the proteome, a quarter of the proteins quantified, was aggregation-prone (6) , implying that chaperones are required to rescue the aggregation-prone proteins.
The best-characterized chaperones are those in E. coli (4) . In E. coli, three major chaperone systems are known to be involved in the folding of newly synthesized proteins in the cytoplasm (4). The first is trigger factor (TF), which directly associates with the ribosome and interacts with nascent chains cotranslationally (7). The second is DnaK, a member of the Hsp70 family that is widely conserved in all kingdoms of life and is considered to act on a broad spectrum of proteins in cooperation with the cochaperones, DnaJ and GrpE (4, 8, 9) . The third is GroEL, which belongs to a well-conserved chaperonin family (4, (10) (11) (12) . In the presence of ATP, GroEL forms a large cylindrical complex with the cochaperonin GroES, which encapsulates substrate proteins within its cavity to assist with folding (4, 10-12). These three chaperone systems are known to act cooperatively: TF and DnaK exhibit overlapping cotranslational roles in vivo (13) (14) (15) . Overexpression of DnaK/DnaJ and GroEL/GroES in E. coli rpoH mutant cells, which are deficient in heat-shock proteins, prevents aggregation of newly translated proteins (16) . GroEL is believed to be involved in folding after the polypeptides are released from the ribosome, although the possible cotranslational involvement of GroEL has also been reported (17) (18) (19) (20) .
Over the past two decades many efforts have been focused on elucidating the mechanism of each chaperone as a molecular machine (4, 9) . The next question to be addressed is which chaperone is effective for certain proteins. A dataset on the substrate biases for each chaperone would provide an invaluable resource, not only for understanding the role of chaperones in protein folding but also for applications to protein science and engineering. However, the mechanisms by which chaperones recognize their substrates are not fully understood. Although global analyses of chaperone-protein interactions in cells have been conducted (4, 7, 8, (21) (22) (23) (24) , no systematic evaluation of chaperone effects under uniform conditions has been performed.
In this context, a reconstituted cell-free translation system that only contains the essential factors for protein synthesis is ideal to evaluate the role of chaperones, because the cell-free system is chaperone-free. Therefore, we chose an E. coli reconstituted cellfree system, the PURE system (25, 26) . Using the PURE system, we previously analyzed the aggregation propensities of all E. coli proteins under a chaperone-free condition (6) . In addition, the PURE system has been used to investigate the role of GroE in the folding of some newly synthesized proteins (19, 20, 27) . We have extended those previous studies to a comprehensive evaluation of the major E. coli chaperones, TF, DnaK/DnaJ/GrpE (DnaKJE), and GroEL/GroES (GroE), on ∼800 aggregation-prone, cytosolic E. coli proteins. The scheme of the global analysis is shown in Fig.  1 : the one-by-one synthesis of individual aggregation-prone proteins in the presence of each chaperone, the quantification of solubility by a centrifugation-based assay, and the statistical analyses of the collected data. This is an "in vitro (reconstituted) proteome" approach, in which the properties of thousands of proteins, including proteins with extremely low abundance in cells, are investigated individually after cell-free translation. This large dataset is an invaluable resource for investigations of the properties of proteins of interest. In addition, the statistical analysis of the data revealed many intriguing properties of chaperones in terms of substrate recognition.
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Results
Global Aggregation Analysis in the Presence of E. coli Chaperones. In our previous global aggregation analysis, our aggregation-prone group was defined as the proteins with less than 30% solubility (6) . The aggregation-prone group (1,234 proteins) includes proteins that are not located in the cytosol, such as integral membrane and periplasmic proteins. We limited the present analysis to the aggregation-prone E. coli proteins that are predicted to reside in the cytosol (792 proteins), because we used the major cytosolic E. coli chaperones, TF, DnaKJE and GroE, in the following analysis.
We synthesized all of the cytosolic aggregation-prone proteins by the PURE system at 37°C for 60 min, in the absence or presence of each chaperone. Each chaperone was added at the approximate physiological concentration, based on previous assessments of chaperone activities under cell-free conditions (19, 28, 29) . The in vitro activities of each chaperone were confirmed ( Fig. S1 and Materials and Methods). The [ 35 S]methionine-labeled proteins were electrophoresed on SDS gels and quantified ( Fig. 2A) . The aggregation propensity was examined by a centrifugation assay (6) . Briefly, an aliquot of the translation mixture was centrifuged, and then the supernatant fractions were electrophoresed and quantified (Fig. 1) . The solubility was defined as the proportion of the protein in the supernatant fraction to that in the uncentrifuged total protein sample. Typical results are shown in Fig. 2A . Almost all of the proteins (788 of 792) were quantified for their solubilities under each condition. Experimental error (defined as a SD) in the assay has been previously estimated to be 10% (6, 27) . Indeed, the analysis in the absence of chaperones was reproducible, because the SD of the solubilities between the current and previous data (6) was less than 10% on average (Fig. S2A) , and the solubilities of more than 90% of the translated proteins in the absence of a chaperone (718 of 788) were less than 30% (Fig. S2B) .
Because all of the translated proteins belong to the aggregationprone group, which might occlude the exit tunnel in the ribosome, one might ask whether chaperones could facilitate protein synthesis by preventing aggregation. However, the presence of the chaperones had little influence on the yields of translated proteins ( Fig. S3) , suggesting that the overall translation efficiencies were not accelerated by any of the chaperones.
Overview of the Dataset. In total, more than 3,000 assays (788 proteins × 4 conditions = 3,152) were conducted (Dataset S1). The arranged data, combined with data obtained from our previous aggregation analysis, are freely accessible at our online database (eSol database: http://tp-esol.genes.nig.ac.jp). Overall, the chaperones tested here effectively increased the solubility of the aggregationprone proteins (Fig. S2B) . To manage the raw data ( Fig. S2B) , the chaperone effects were expressed as the difference (Δ) in solubility, calculated by subtracting the solubilities in the absence of each chaperone from those in its presence (Fig. 2B) . We note that the analyses using the raw data ( Fig. S2B) did not change the conclusions described below. Overall, the solubilities of two-thirds of the proteins (526 of 788) were drastically increased, defined as more than a 50% increase, in the presence of any one of the chaperones ( Fig. 3A and Table S1 ). The proteins that were not rescued by any one of the chaperones, defined as less than a 20% increase in the solubility, represented only 3% of the total (24 of 788) (Table S1 ). Taken together, this comprehensive analysis explicitly confirms the global role of chaperones in preventing the aggregation of hundreds of proteins.
Effects of Each Chaperone. Next, we compared the effects of each chaperone in detail. It is noteworthy that TF had only a marginal effect ( Fig. 2B and Fig. S2B ). The number of proteins with >50% increase in the Δsolubility by TF was only 19 ( Fig. 3A and Table  S1 ). On average, TF generated only a 13% increase in the Δsolubility. On the other hand, DnaKJE and GroE increased the solubilities of many proteins ( Fig. 2B and Table S1 ). The solubilities of 409 and 287 proteins with DnaKJE and GroE, respectively, were drastically (>50%) increased ( Fig. 3A and Table  S1 ). Approximately 30% of the proteins with >50% increase in solubility (175 proteins) were common between DnaKJE and GroE ( Fig. 3A and Table S1 ), indicating that these overlapping proteins were rescued well by either DnaKJE or GroE. Taken together, the data clearly show the global effects of DnaKJE and GroE in preventing aggregation.
Relationship Between Chaperone Effects and Physicochemical Properties.
To further investigate the effects of DnaKJE and GroE, we plotted the data on DnaKJE and GroE in two dimensions (Fig. 3B) . As already noted in the Venn diagram (Fig. 3A) , a large number of proteins was plotted on the diagonal line, showing again that Fig. 1 . An in vitro expressed proteome approach for global aggregation analysis. Schematic illustration of the experiment. Seven hundred and ninety-two aggregation-prone proteins were separately expressed with a reconstituted cell-free translation system, the PURE system, in the absence and the presence of the major E. coli chaperones (trigger factor, TF; DnaK/ DnaJ/GrpE, KJE, GroEL/GroES, GroE). Each translation product was labeled with [ 35 S]methionine. After translation, the uncentrifuged total fraction (Total) and the supernatant fraction after centrifugation (Sup) were electrophoresed and quantified by autoradiography. The ratio of the translation products in the Total and Sup fractions was defined as the solubility, which represented the aggregation propensity of the protein. The dataset (∼800 × 4) obtained from this experiment was subjected to statistical analyses to investigate the relationship between the effects of chaperones and the various properties of the proteins.
DnaKJE and GroE each rescued substantial amounts of proteins to similar extents (Fig. 3B) . In addition to the overlapping effects, we also found that a fraction of the proteins was biased toward DnaKJE or GroE (Fig. 3B) . The lower right area in Fig. 3B contains the proteins that were rescued by GroE but not by DnaKJE, termed the tentative GroE-specific proteins; the upper left area contains the tentative DnaK-specific proteins. These biases suggest that DnaKJE and GroE could have different recognition modes for substrates. To extract the possible preferences of DnaKJE and GroE, we analyzed the physicochemical properties of the proteins: the molecular weights, the deduced isoelectric points (pI), the structural classifications, and the oligomeric states.
Regarding the molecular weights, the overall correlation between the solubility and the molecular weights was low (Fig.  S4A) . However, we found some biases when we compared the proteins that were well-solubilized by either DnaK or GroE, defined as the upper quartile (≥75th percentile) in the distribution (Fig. S4A) . The histogram showed that GroE is biased toward lower molecular weight proteins (20∼50 kDa), whereas DnaKJE is effective for larger ones (> 60 kDa) (Fig. 4A) . As for the pI, both DnaKJE and GroE were not effective for higher pI proteins, but these tendencies were weak ( Fig. S4 B and C) .
To explore the contribution of the amino acid contents to Δsolubility by DnaKJE or GroE, we conducted the partial leastsquares (PLS) regression analysis by using the ratio of 20 amino acid contents, molecular weight, and pI as the predictor variables (Fig. S5) . However, the contribution of these parameters was fairly low. This fact suggests that other factors (e.g., a bias in the local amino acid composition and structural parameters) might contribute to the substrate recognition by chaperones.
Earlier works revealed that some of structural motifs were correlated with the aggregation propensity (6) and were enriched in GroE substrates (30, 31) . Then, to address the correlation between the chaperone effects and the tertiary or quaternary structures, the Structural Classification of Proteins (SCOP) database (class and fold) (32) and the oligomeric states of proteins were compared, although only a small number of proteins was analyzed, because of the limited database size. When classified by the SCOP classes (all-α, all-β, α/β, and α+β), DnaKJE was effective for the α+β class, whereas GroE was not effective for the all-α class (Fig.  4B) . Furthermore, we found some biases for DnaKJE and GroE in several SCOP folds (Fig. 4C) . GroE was biased toward the c1 (TIM barrel) -fold, which is plausible because the most abundant fold in the in vivo obligate GroE substrates is the TIM barrel-fold (30, 31) . Neither DnaKJE nor GroE was effective for the a4 (DNA/RNAbinding 3-helical bundle-fold) and c94 (periplasmic binding protein-like II) -folds (Fig. 4C) .
The database on the oligomeric states of proteins is still insufficient, but it is partially available as the SUBUNIT annotation in the UniProt database (33) . The distribution of DnaKJE tended to be effective for the heterooligomer group, and GroE was positively biased toward the monomer group (Fig. S6) , although we should note that we individually translated the proteins one by one and did not translate the heterooligomeric pairs together.
Correlation Between Chaperone Effects and Known in Vivo Chaperone
Substrates. We compared our data with those for the previously identified in vivo chaperone substrates. Regarding DnaK and GroE, the mapping of the in vivo substrates (15, 31) showed a slight enrichment of both the DnaK and GroE substrates in the proteins with the DnaK-and GroE-biased proteins, respectively (Fig. S7A) . In terms of the in vivo chaperone substrates, we applied a predictor for DnaK binding motifs (34) to our data and found that the overall correlation was poor (Fig. S7B) .
Cooperative Effects of Chaperones on "Recalcitrant" Proteins. We found that neither DnaKJE nor GroE could rescue a subset of proteins mapped around the lower left area in the plot (Fig. 3B) . As expected, none of these proteins were rescued by TF (Dataset S1), and thus they were named "recalcitrant" proteins. We then examined various combinations of chaperones to investigate whether these recalcitrant proteins could be solubilized. All of the recalcitrant proteins, which were defined as the proteins categorized in the lower quartiles in DnaKJE and GroE (53 proteins), were translated in the presence of chaperone combinations: TF +DnaKJE, TF+GroE, DnaKJE+GroE, and TF+DnaKJE +GroE. Typical results are shown in Fig. 5A , and all of the results are listed in Dataset S2. The solubilities under the TF+DnaKJE and TF+GroE conditions were slightly increased, whereas the combination of DnaKJE and GroE was more effective for some of these recalcitrant proteins (Fig. 5B) , reflecting the consensus that GroE and DnaKJE synergistically assist with the folding of nascent polypeptides (28, 35) . Strikingly, the addition of all three chaperones to the recalcitrant proteins drastically changed the solubility distribution: More than 70% of the recalcitrant proteins (38 of 53) showed significantly improved solubilities in the presence of all chaperones (Fig. 5B) . These results suggest that TF also has the potential to act cooperatively with DnaKJE and GroE, although TF itself was not very effective in preventing aggregation.
Discussion
We performed a global analysis of the effects of the major E. coli chaperones on ∼800 aggregation-prone proteins, coupled with a reconstituted cell-free translation system [the PURE system (25, 26) ]. This system is a significant extension of our previous global aggregation analysis under chaperone-free conditions (6) . Thus far, only a handful of proteins have been individually examined in terms of chaperone function in vitro. We have now presented more than 3,000 raw datapoints to investigate the effect of chaperones. The global data themselves are unique and thus represent an invaluable resource for protein science and engineering (Dataset S1). The resource, which is also accessible via a public database (eSol database: http://tp-esol.genes.nig.ac.jp), can be used to investigate the properties of proteins of interest, in terms of their solubilities and chaperone effects, before a detailed analysis. In addition, the resources can be potentially extended to in silico analyses of proteins, such as prediction tools for protein aggregation and chaperone substrate recognition, as our previous aggregation analysis has already been used in many bioinformatics studies (e.g., refs. 31, 36, 37). Chaperones were originally defined as proteins that assist with the correct folding of proteins by preventing intermolecular aggregation (4, 5) . After the emergence of the chaperone concept, many in vitro studies have shown that chaperones prevent protein aggregation (4, 9) . Because most of those studies were conducted on only a few proteins of interest, the data presented here are unique in being an explicit in vitro experimental demonstration of the global role of chaperones in preventing aggregation.
Our data clearly revealed that chaperones cope with a wide spectrum of aggregation-prone proteins. However, the data should be interpreted with caution because we collected the global data from a centrifugation-based assay (6) . The data only indicated whether the target proteins were soluble or not. Soluble proteins do not always fold properly, as discussed previously (19) . Alternatively, the soluble states of target proteins might only be achieved while binding to DnaK (or DnaJ) or GroEL. It is feasible that chaperones are associated with the nonnative forms of proteins even in the presence of ATP, which is constantly present in the cell-free translation system. Indeed, it is well known that the heterologous expression of a recombinant protein sometimes results in the formation of a binary complex between DnaK and the recombinant protein (3, 4) . GroEL also associated with proteins that folded extremely slowly (38) . Finally, as we discussed previously (6), we cannot exclude the possibility that the soluble fractions might include oligomeric species that were not precipitated under the present conditions.
Our analysis revealed the importance of the evolutionally conserved chaperonin (GroE) and Hsp70 (DnaK) families in the global prevention of aggregation. The solubilities of more than ∼66% of the aggregation-prone proteins were increased in the presence of either the DnaK or GroE system (Figs. 2B and 3, and Table S1 ). Importantly, DnaKJE and GroE each rescued substantial amounts of proteins to similar extents (Fig. 3B) . These overlapping effects can be attributed to their abilities to bind the substrate proteins with fuzzy recognition, ensuring the robustness of the chaperone network in cells. As a result, these conserved chaperones play a global role in maintaining the proteostasis in cells (13, 16, 21) .
Notably, some biases in the chaperone effects were found between DnaKJE and GroE (Fig. 3B) . In particular, the molecular weight was weakly related to the chaperone effects; DnaKJE is effective for larger proteins and GroE is biased toward 20∼50 kDa proteins (Fig. 4A) . The DnaK effect for larger proteins was (788) all (146) all (46) / ( previously reported for in vivo DnaK substrates (14, 39) . As for GroE, the tendency is consistent with the observation that GroE acts mainly on < 60 kDa proteins, because of the steric limitation of its cylindrical cavity (30, 31, 38, 40) , suggesting that GroEL would be most effective when the substrates are sequestered in the cavity of the GroEL-GroES complex. The sequestration of substrates could also explain why GroE is slightly biased toward monomeric proteins (Fig. S6) , reflecting the GroE mechanism by which the substrate in the chaperonin cavity can fold into the native state, without interacting with other outside proteins. Other physicochemical properties, such as the pI and amino acid content, did not show any notable correlations with the substrate biases (Figs. S4 and S5). Therefore, besides the molecular weights, the other key properties for the chaperone preferences are still unknown. A bioinformatics approach, which integrates amino acid sequence and secondary and tertiary structure information, may be required to reveal the nature of the substrate recognition mechanisms of chaperones.
One of the striking results of this analysis was that TF by itself had only a modest effect on reducing aggregation (Fig. 2B) . Similar marginal effects of TF were previously observed in in vitro translation experiments using S30 lysates from E. coli (28) . In addition, a previous large-scale E. coli interactome analysis revealed that TF interacts with only 40 proteins, in contrast to the 310 DnaK and 776 GroEL interactors (21) . One possible explanation for the marginal effect is that TF alone might not be sufficient to complete folding and minimize the aggregation. Unlike GroEL or DnaK, TF has no energy-consuming mechanism, and thus needs other chaperones to assist with correct folding to prevent aggregation (7) . Indeed, this idea is compatible with the proposal that TF acts to delay the folding with translating ribosomes (28) . This consideration is supported by our data that TF cooperated with DnaKJE and GroE to prevent the aggregation of recalcitrant proteins that were not rescued by either DnaKJE or GroE (Fig. 5B) .
Finally, our approach has provided invaluable resources for a wide spectrum of protein research. In particular, cell-free synthesis-based proteomics could pave the way for investigations of low abundance proteins, which may not be detected by mass spectroscopy-based proteomics.
Materials and Methods
E. coli ORF Library. For the expression of 792 agregation-prone cytosolic proteins by the in vitro translation system (PURE system), an E. coli ORF library (ASKA library) was used (6, (41) (42) (43) . All ORFs were individually amplified by PCR for the cell-free expression by the PURE system, as described previously (6) .
Preparation of Chaperones. All chaperones were expressed in E. coli and purified by the following procedures. Hexahistidine-tagged trigger factor, DnaK, GrpE, and GroES were purified by metal-chelating chromatography and ion-exchange chromatography according to the previous reports, with slight modifications (27) . For DnaK and GrpE, a 1 mM ATP wash step was performed before the elution in the metal-chelating chromatography. For GroES, the ion-exchange chromatography step was omitted because the metal-chelating chromatography process was sufficient for purification. Hexahistidine-tagged DnaJ was purified by metal-chelating chromatography in the presence of 0.05% (vol/vol) Brij58 detergent, according to the purification procedure for Mdj1p (a yeast Hsp40 homolog) reported previously (44) . GroEL was prepared by hydrophobic-interaction chromatography and size-exclusion chromatography, according to the previous report (45) .
The in vitro activities of each chaperone were confirmed by the following methods. For TF, the association of TF with ribosomes was assessed by sucrose cushion experiment (20) , which revealed that at least half of the ribosome was associated with TF under the condition used (Fig. S1) ; for the DnaK system, the DnaKJE-assisted folding of firefly luciferase was monitored; and for GroEL and GroES, the ATPase activity and the GroE-assisted folding of rhodanese (46) were confirmed.
Cell-Free Protein Synthesis and Centrifugation-Based Aggregation Assay. The procedure for the evaluation of the protein aggregation propensity was based on the method reported previously (6) . Each ORF was individually translated with the PURE system under the four conditions (the absence of chaperone, +TF, +DnaKJE, +GroE). The components for the transcription-translationcoupled reaction were reported previously (including [ 35 S]methionine for detection) (6) , and the concentration of each chaperone was as follows: TF: 5.0 μM (monomer); DnaK, DnaJ, and GrpE: 5.0 (monomer), 2.0 (monomer), and 2.0 (monomer) μM, respectively; GroEL and GroES: 0.5 (tetradecamer) and 1.0 (heptamer) μM, respectively. Protein synthesis was performed at 37°C for 60 min. After the reaction, an aliquot was withdrawn as the total fraction. The remainder was centrifuged at 21,600 × g for 30 min, and the supernatant fraction was collected. Both the total and supernatant fractions were separated by SDS/PAGE, and the band intensities were quantified by autoradiography. The ratio of the supernatant to the total protein was defined as the solubility, the index of protein aggregation propensity (6) .
Data Analyses. The molecular weight, pI, amino acid content, and SCOP classification were determined as described previously (6) . Briefly, the molecular weight, pI, and amino acid content were calculated from the amino acid sequence obtained from GenoBase (http://ecoli.naist.jp/GB8/). The SCOP classification was determined by the dataset obtained from GenoBase, the annotation of which was based on the SUPERFAMILY database (42, 47) . The oligomeric state of the proteins was determined from the SUBUNIT annotation in the UniProt database (http://www.uniprot.org) (33) . The proteins with a SUBUNIT annotation containing the word "monomer," "heterooligomer," or "homooligomer" were included in each category. The PLS regression analysis was conducted by using the statistical software R (http://www.R-project.org.) with the PLS package. In this analysis, Δsolubilities were used as the objective variable and molecular weight, pI, and the content of 20 amino acids as the predictor variables.
Prediction of DnaK Binding Sites. The prediction of DnaK binding sites was conducted with the LIMBO algorithm (34) . The parameter values were obtained from the previous report (34) and the LIMBO Web site. The window value was set to 7, the threshold value was set to 8.26, which was used for the "high sensitivity prediction" condition, and the position specific scoring matrix was obtained from a previous report (34) . The peak numbers were counted with a script developed in-house. 
